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The non-linear relation between X-ray and UV luminosity in quasars can be used to estimate their distance. Recently,
we have shown that despite the large dispersion of the relation, a Hubble Diagram made of large samples of quasars can
provide unique constraints on cosmology at high redshift. Furthermore, the dispersion of the relation is heavily affected
by measurement errors: until now we have used serendipitous X-ray observations, but dedicated observations would sig-
nificantly increase the precision of the distance estimates. We discuss the future role of XMM in this new field, showing
(1) the fundamental contribution of the Serendipitous Source Catalogue and of large surveys, and (2) the breakthrough
advancements we may achieve with the observation of a large number of SDSS quasars at high redshift: every∼10 quasars
observed at z∼3 would be equivalent to discovering a supernova at that redshift.
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1 Introduction
The relation between αOX (the slope of a power law con-
necting the (ν, fν) points at 2,500 A˚ and 2 keV in the
Spectral Energy Distribution (SED) of a quasar) and the lu-
minosity LUV at 2500 A˚ implies that optically more lu-
minous quasars are relatively less luminous in the X-rays:
for example, an increase by a factor of 10 in LUV implies
an increase of only a factor of ∼4 in the X-ray luminos-
ity at 2 keV, LX . An equivalent way to describe the same
result is by a luminosity-luminosity relation: log(LX) =
α × log(LUV ) + β, with α < 1. The recent works on the
largest samples available for these analysis (Just et al. 2007
for a collection of more than 300 quasars over a wide range
in z and luminosity; Young, Risaliti & Elvis 2010 for∼ 500
quasars with SDSS and XMM spectra, Lusso et al. 2010 for
the COSMOS quasar sample) agree on a value of α ∼ 0.6.
The observed dispersion of the relation is of the order of
0.35 dex.
The non-linear relation between the X-ray and UV lu-
minosities of quasars can be used as a distance indicator,
allowing the construction of a Hubble diagram for quasars.
However, its large scatter has deterred attempts to use this
relation for cosmology. The situation has changed with our
first work on this topic (Risaliti & Lusso 2015, ApJ 815, 33,
hereafter RL15) where we used ∼1,000 sources with litera-
ture data in UV and X-rays, cleaned from X-ray absorption
and dust-reddening effects, and obtained several relevant re-
sults:
(a) the UV to X-ray relation, log(LX) ∼ 8.5 + 0.6 ×
log(LUV ) does not show any dependence with redshift, as
? Corresponding author: e-mail: risaliti@arcetri.astro.it
needed to use it as distance estimator (Fig. 1);
(b) the quasars Hubble diagram is in excellent agreement
with that of SN1a in the common redshift range (z<1.4),
and extends to higher redshifts in agreement with the stan-
dard ΛCDM model. It also provides a significantly im-
proved measurement of ΩM and ΩΛ with pure distance in-
dicators;
(c) Simulations show that future large X-ray all-sky surveys
(such as those of eROSITA) will match the available opti-
cal/UV samples (such as the SDSS). With tens to hundreds
thousand quasars, this will become an extremely precise
probe of cosmological models, and, together with Gamma
Ray Bursts (Ghirlanda et al. 2012, Demianski et al. 2016)
the only one sensitive to the expansion rate of the Universe
at redshifts 3-6.
2 The dispersion of the LX-LUV relation in
quasars
In the past months, we have extended our study by includ-
ing new quasar samples obtained cross-correlating the Sloan
Digital Sky Survey (SDSS) quasar catalogues from Data
Release 7 (DR7, Shen et al. 2010) and DR12 (DR12, Paris et
al. 2016) with the 3XMM-DR6 catalogue of serendipitous
XMM sources (Rosen et al. 2016), for a total of ∼ 7, 500
new sources. This allowed us, for the first time, to work
on a large and homogeneous sample, with enough statis-
tics to apply strong quality cuts to our sources, and analyze
only those with high S/N and reliable measurements both
in X-rays and UV spectra. The results of this analysis have
been rather surprising: most of the observed dispersion of
the LX -LUV relation is due to observational issues (Fig. 2),
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Fig. 1 Slope of the LX -LUV relation calculated with
subsamples in small redshift intervals. The horizontal line
shows the mean value and its error. Within each interval
the differences in distance are negligible with respect to the
dispersion of the relation. Therefore, luminosities can be
replaced by fluxes, and the measurements are independent
from the cosmological parameters.
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Fig. 2 LX -LUV relation for a sample of more than 6,000
quasars with X-ray and UV measurements (gold points),
and for a subsample of ∼ 100 objects with high-quality X-
ray observations (blue points). The dispersion for this sub-
sample os 0.21 dex.
with the most important contribution from the uncertainty
on the monochromatic flux at 2 keV, while the intrinsic dis-
persion is smaller than 0.20 dex. The details of this anal-
ysis are presented in Lusso & Risaliti 2016, and Lusso et
al. 2017 (in prep.) Here we just summarize the results, fo-
cusing on the implications for cosmological measurements.
In order to understand the possible use of quasars as
standard candles, it is important to distinguish between
the intrinsic physical dispersion, σINT, and the smallest
dispersion we can reasonably observe, σOBS. The former
is an indication of how tight is the physical connection
between the UV-emitting disk and the X-ray emitting
corona. The latter is instead related to the smallest uncer-
tainty on the distance we can obtain from UV and X-ray
flux measurements of quasars. We selected a subsample
of about 100 quasars with high S/N X-ray spectra, a
redshift range between 0.5 and 2.7 (in order to directly
measure the 2500 A˚ flux from the SDSS spectrum, without
extrapolations), no indication of absorption/extinction in
X-rays and in optical/UV, and with two independent XMM
observations. We fitted the LX -LUV relation adopting
a standard ΛCDM cosmology (at this stage, we are not
interested in testing the cosmological model, but only to
investigate the physical relation) using (a) the flux from the
longest X-ray observation, and (b) the average from the two
observations. The measured dispersions are 0.21 dex and
0.18 dex, respectively. The observed dispersion is due to a
contribution from X-ray measurements, σX , and a residual
one due to all the other (independent) effects, σRES:
σOBS =
√
σ2X + σ
2
RES. Averaging the two observations
reduces σX by a factor
√
2. The residual dispersion σRES
can then be estimated as ∼0.14 dex. σRES includes the
uncertainties on the 2500 A˚ flux (which are in most
cases as low as ∼0.05 dex, Kovlowski et al. 2010) and,
most importantly, the spread due to the random inclina-
tion of the accretion disk with respect to the observer.
Even considering a bias towards face-on systems in the
optically selected, flux limited SDSS samples (Risaliti
et al. 2010, Bisogni et al. 2016), the dispersion due to
this effect is of the order of the residual dispersion σRES .
From this analysis we then draw two important conclusions:
– We explained ∼all the observed dispersion with contri-
butions from observational errors, variability, and disk
inclination. This implies a very tight intrinsic LX -LUV ,
due to a universal physical process linking the accretion
disk and the X-ray corona in quasars.
– The smallest dispersion we can reasonably observe
is σOBS=0.20-0.21 for single X-ray observations, and
σOBS=0.14 with several repeated observations. When
the relation is used for cosmology, the same uncertainty
is propagated to the distance estimates. This can be com-
pared with the dispersion of the Hubble Diagram of su-
pernovae 1A at z∼1, σSN ∼ 0.07. We conclude that
9-10 quasars have the same amount of cosmological in-
formation as one SN1A.
3 The Hubble Diagram for quasars
We merged all the literature samples discussed in Risaliti
& Lusso 2015 with the cross-match between SDSS quasar
catalogues and the 3XMM-DR6 serendipitous source cat-
alogue, obtaining a sample of almost 8,000 objects, after
excluding radio-loud and Broad Absorption Line (BAL)
quasars. We then rejected all the objects with a X-ray and/or
UV absorption and those possible affected by an “Edding-
ton bias” (i.e. objects with an average X-ray flux below our
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Fig. 3 Redshift distribution of the cleaned sample of 2177
quasars used to build the Hubble diagram of quasars.
detection threshold, but with a single observation above it
for a positive fluctuation), obtaining 2154 sources. The red-
shift distribution is shown in Fig. 3. We used this sample to
build a new Hubble Diagram for quasars up to z∼6, which is
shown in Fig. 4. The distance moduli have been calculated
assuming the linear relation log(LX) = α× log(LUV )+β,
and using L=F×4piD2L, where DL is the luminosity dis-
tance. From these relations, we easily obtain:
log(DL) =
1
2− 2α×(log(FX)−α×log(FUV ))+β
′(1)
where α is estimated as the average of the values obtained
from the fits in small redshift intervals shown in Fig. 1, and
β′ is a free parameter. If no absolute calibration is available,
β′ cannot be determined, and we can only use the shape of
the Hubble Diagram to constrain the cosmological parame-
ters such as ΩM and ΩΛ, with no information on H0. Oth-
erwise, we can fit the Hubble Diagram of quasars together
with that of SN1A and use the overlapping redshift range
to cross-calibrate the quasar diagram, so determining β′. It
is worth noticing that the “quality filters” mentioned above
have been applied only up to z=3. For the few available
quasars at higher redshift, no filter has been applied. This
approach is justified by the little statistical weight of these
objects in cosmological fits (see next Section), due to their
small number (∼50) and their high dispersion (σ >0.4).
On the other hand, their presence can be useful for a visual
check of the Hubble Diagram at high redshifts.
4 Cosmological estimates
It is possible to test cosmological models, and measure cos-
mological parameters within a chosen model, by fitting the
luminosity distance DL as a function of redshift. Alterna-
tively, we can directly fit the F(X)-F(UV) relation:
log(FX) = α× log(FUV ) + β + (2− 2α) log(DL)(2)
leaving the cosmological parameters and the parameters of
the relation, α and β, as free parameters. In both methods,
Fig. 4 Hubble Diagram for a “cleaned” sample of 2154
quasars. The gold points represent single quasars. The big
red points are averages on small redshift intervals.
Table 1 Results from fits to the Hubble diagram of SNe
and quasars
Model ΩM ΩΛ w(or w0) wa
flat Λ 0.28+0.04−0.05
open Λ 0.25+0.06−0.06 0.67
+0.11
−0.11
w 0.25+0.08−0.10 -0.93
+0.19
−0.25
w0wa 0.30+0.13−0.09 -0.91
+0.20
−0.26 0.8
+1.5
−2.7
the fit has been performed adding an extra parameter δ, rep-
resenting the intrinsic dispersion of the relation (See Risaliti
& Lusso 2015 for details). Both methods produce fully con-
sistent results.
The cosmological models fitted to the data are: (1) a flat
ΛCDM model, (2) a non-flat ΛCDM; (3) a flat model with a
constant dark energy equation of state w (w=-1 is equivalent
to model 1); (4) a flat model with an evolving equation of
state of dark energy: w = w0 + wa × (1 + a), where a =
(1 + z)−1.
In all cases we fitted the quasar data together with SN1A
from the JLA survey (Betoule et al. 2014), except for model
1, where quasars alone can reasonably constrain the value of
ΩM . In joint quasar+SNe fits we allowed for a free cross-
normalization parameter. Our findings are summarized in
Table 1.
The most relevant result of our analysis is shown in
Fig. 5, where we plot the w0-wa contour for the evolving
dark energy model. Even if the constraints on the two pa-
rameters from quasars and SNe alone are not tight (Table 1),
their combination with the constraints from the other main
cosmological probes (CMB, BAO, weak lensing, Planck
collaboration 2015) improve (for the moment slightly) the
errors on both w0 and wa. This is mainly due to the fact
that quasars add complementary information with respect
to the other methods, mainly related to the redshift inter-
val z=1-3. This is the interval where the possible effect of a
www.an-journal.org c© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 5 Left: w0-wa contours obtained from the combined Planck, BAO and JL constraints (Planck collaboration 2015);
Middle: same, adding constraints from SNe (Betoule et al. 2014); Right: same, further adding the constraints from the
Hubble diagram of quasars.
non-zero wa parameter are higher, and is not probed by any
of the other methods. BAO constraints at z>2 from Lyα ab-
sorption is not included in the contours of Fig. 5, but they
are likely to add important new information (Aubourg et
al. 2015).
The limited improvement shown in Fig. 5 is an indica-
tion that with the currently available statistics quasars are
just starting to be significant in constraining the properties
of the dark energy component. However, our work is still
quite incomplete. First, we can make our filters more effi-
cient in order to recover more objects in our “good” sam-
ple: now the efficiency is of the order of 25%, due to our
choice to be extremely conservative in order to avoid sys-
tematic effects. We plan to better investigate the issue of
systematic effects through simulated samples, and to im-
prove the efficiency up to a factor of ∼2. Second, we will
soon include several hundreds of new sources with Chan-
dra and SDSS observations, by cross-correlation the Chan-
dra Point Source Catalogue with the SDSS quasar samples.
Moreover, in the next few years large surveys such as the
XXL (Pierre et al. 2016) will add a few thousands of new
quasars, and the new X-ray survey mission eROSITA will
provide hundreds of thousands of sources.
5 An XMM-Newton next decade program on
high-z quasars
The work presented in the previous Sections has been based
on serendipitous X-ray observations. This is certainly a win-
ning strategy at low redshifts. However, the low surface den-
sity and the low flux of high redshift quasars make them
increasingly rare in serendipitous searches. The Hubble Di-
agram in Fig. 2 contains only ∼50 objects at z> 3 (not fil-
tered, as explained in the previous Section), and this number
drops to a few units if the same quality filter as for z<3 ob-
jects is applied.
On the other hand, nearly all-sky optical surveys like the
SDSS provide thousands of quasars at z>3. These objects
have a too low surface density to be effectively found in
serendipitous X-ray observations (the whole XMM-Newton
archive covers a few hundreds square degrees), but the
brightest of them have an expected 2-10 keV flux of a few
10−14 erg cm−2 s−1, enough to obtain a good XMM spec-
trum with observations of a few tens of ks. This opens a new
window of opportunity for future XMM-Newton observa-
tions: if in the next years a significant amount of observing
time is devoted to z> 3 quasars, a unique advance in testing
cosmological models can be achieved.
A key point to underline here is the importance of cos-
mological probes sensitive to a different combination of
cosmological parameters with respect to the currently avail-
able methods. If the “true” cosmological model is the stan-
dard ΛCDM model, with a cosmological constant which
is just an intrinsic geometrical property of space-time, we
already have a very satisfactory measurement of ΩM and
ΩΛ. Therefore, the most useful new cosmological probes
are those able to detect possible deviations from the stan-
dard model, through constraints on new regions of the pa-
rameter space. Filling the Hubble Diagram at redshift z>3
provides exactly this kind of constraints. Taken alone, it has
a limited cosmological information (at z>3 the Universe is
dominated by dark matter), but this information is related
to the dark energy parameters in a different way than other
cosmological probes. In terms of contour errors, it provides
a contour with a major axis almost orthogonal to that of
present measurements (Fig. 4). Therefore, even if the area
of the new contour is large, the intersection with the cur-
rently available ones can reduce the uncertainty by a large
factor. This is illustrated by a simulation of 100 quasars with
redshift in the interval 3.0-3.5, assuming the LX -LUV rela-
tion and a cosmological model with evolving equation of
state of dark energy and w0=-0.8 and wa=0.5. These val-
ues are allowed by current constraints (Fig. 5). When these
new quasars are added to the Hubble diagram and used to fit
the cosmological parameters, we obtain the results shown in
Fig. 6, with the standard w0=-1, wa=0 model ruled out with
c© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org
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Fig. 6 w0-wa contour (same as in Fig. 5c) obtained
by adding to our current quasar sample a group of 100
simulated quasars with redshift z=3.0-3.5, assuming a
w0waCDM model with w0=-1.2 and wa=0.5.
a statistical significance of ∼3 σ, and the dark energy “fig-
ure of merit” (i.e. the inverse of area of the w0-wa contour)
increased by a factor 2.5 with respect to present constraints.
Besides cosmology, observations of bright, optically se-
lected high-z quasars will be quite relevant for our under-
standing of the spectral properties of these sources. Indeed,
the information on the X-ray emission of quasars at z > 3
is still quite incomplete. The Chandra-COSMOS legacy sur-
vey (which is arguably the highest quality sample of high-
z quasar available, Marchesi et al. 2016), contains only 11
type 1 quasars at z>3 with a high enough S/N for a basic
spectral analysis. Even in these cases, the spectra can pro-
vide only limited information on the properties of these ob-
jects, as deduced by the high uncertainty in the determina-
tion of the spectral index (Fig. 14 of Marchesi et al. 2014).
Basically, there is no good spectrum of z>3 quasars. The
pointed observations of optically selected quasars would
drastically change this scenario, thanks to the higher bright-
ness of the selected objects. This would allow for the first
time a comparison of z>3, very luminous quasars with
lower redshift and/or lower luminosity sources, providing
an important test of possible evolutionary effects.
6 Conclusions
In this paper we have shown that the non-linear LX -LUV
relation in quasars (log[LX ]∼0.6 log[LUV ]+8.5) has an ob-
served intrinsic dispersion of about 0.2 dex. We can use
the non-linearity of the relation to derive quasar distances,
and to build a Hubble diagram of quasars up to z∼ 6. Fit-
ting a distance-redshift relation it is then possible to test
cosmological models and measure cosmological parame-
ters. We showed that the sample available today merging
literature data and the cross-match between SDSS quasar
catalogues and the XMM-Newton 3XMM-DR6 catalogue
of serendipitous X-ray sources, is enough, if used together
with supernovae, to constrain the cosmological parameters
of a w0waCDM model, slightly improving the current con-
tours.
We also showed that, while at low redshift (z<2.5)
serendipitous searches are the most efficient way to build
large quasar samples with X-ray and UV measurements, at
z> 3 pointed observations of UV-selected sources are the
only way to obtain significant constraints on the distance-
redshift relation. With the observation of ∼100 z> 3
quasars we would significantly improve the current con-
straints on the dark energy equation of state parameters
(Fig. 6).
Based on this work, we conclude that the observation
and spectral characterization of quasars at high redshift, and
its application to cosmology, may become a new important
part of the XMM-Newton program for the next decade.
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